It is quite likely that the site of the r-process is the hot, neutron-rich "bubble" that expands off a protoneutron star during a core-collapse supernova. The r-process would then occur in an intense flux of neutrinos. In order to explore the consequences of the neutrino irradiation, we calculate the rates of charged-current and neutral-current neutrino reactions on neutron-rich heavy nuclei, and estimate the average number of neutrons emitted in the resulting spallation. Our results suggest, for a dynamic r-process occurring in an expanding bubble, that charged-current ν e captures might help shorten the timescale for the r-process, bringing it into better accord with our expectations about the conditions in the hot bubble: neutrino reactions can be important in breaking through the waiting-point nuclei at N = 50 and 82, while still allowing the formation of abundance peaks.
neutral-current and charged-current postprocessing effects. These include a spreading of the abundance peaks and damping of the most pronounced features (e.g., peaks and valleys) in the unpostprocessed abundance distribution.
Most importantly, a subtraction of the neutrino postprocessing effects from the observed solar r-process abundance distribution shows that two mass regions, A = 124-126 and 183-187, are inordinately sensitive to neutrino postprocessing effects. This imposes very stringent bounds on the freeze-out radii and dynamic timescales governing the r-process. Moreover, we find that the abundance patterns within these mass windows are entirely consistent with synthesis by neutrino interactions. This provides a strong argument that the r-process must occur in the intense neutrino flux provided by a corecollapse supernova. It also greatly restricts dynamic models for the supernova r-process nucleosynthesis. that an attractive and plausible site is the "hot bubble" that expands off the protoneutron star during a core-collapse supernova [2] . Neutron-rich matter initially composed of free nucleons is blown off the neutron star. As this nucleon soup expands and cools, almost all the protons are locked into α-particles. Then an α-process takes place to burn α-particles into seed nuclei with A close to 100 [3] . The r-process occurs through the capture of the excess neutrons on these seed nuclei. Although numerical calculations of this process fail in some aspects, both the produced r-process abundance distribution and the amount of r-process material ejected per supernova are roughly in accord with observation [2] .
If the r-process occurs near the protoneutron star, within perhaps 1000 km, then it takes place in an intense flux of neutrinos of all flavors emitted by the cooling neutron star. In this paper we study the effects of charged-current and neutral-current neutrino reactions with neutron-rich heavy nuclei during and following the r-process. Neutrino reactions can affect the r-process nucleosynthesis in two ways, by driving nuclear transitions that alter the path or pace of the r-process, or by modifying the abundance pattern through neutrino-induced neutron spallation after the r-process is completed. During the r-process perhaps the most interesting possibility is charged-current ν e capture at a rate competitive with β-decay, which would therefore speed up the nuclear flow from one isotopic chain to the next of higher Z [4] . This could be quite helpful in accelerating the passage through the closed-neutron-shell nuclei at N = 50 and 82, as conventional waiting times of several seconds are perhaps a bit troublesome in relation to the shorter hydrodynamic timescales for the hot bubble. (Note however, the nuclear flow through the N = 50 closed neutron shell may be carried by α-capture reactions during the α-process preceding the r-process as in the particular scenario of Woosley et al. [2] .) On the other hand, it is clear that the existence of abundance peaks at A ∼ 80, 130, and 195 places some constraints on this possibility: these peaks are clear signatures that slow waiting-point β-decay rates are controlling the nuclear flow at the time the r-process freezes out [5] . By comparing the β-decay rates with the flux-dependent ν e capture rates, Fuller and Meyer [6] showed that the individual abundance peaks have to be made at sufficient distances above the neutron star. In our study we have extended their work and that of McLaughlin and Fuller [7] by considering the competition between β-decay and charged-current neutrino reactions in the context of a dynamic, expanding bubble in order to more realistically determine what role neutrinos may play in the nuclear flow.
However, our present work is mainly concerned with the postprocessing of the r-process abundance distribution by neutrino-induced neutron spallation. Apart from the study of Domogatskii and Nadëzhin [8] , who estimated production yields for certain bypassed isotopes from charged-current neutrino spallation reactions, little work has been done on this possibility. We find that the spallation following charged-current and neutral-current neutrino excitation of nuclei can have a number of effects on r-process yields: abundance peaks can be shifted and broadened, minima in the abundance pattern can be filled, and the unevenness of yields can be smoothed in a characteristic way. But most importantly, one can demonstrate directly from the neutrino physics calculations and the known r-process abundance distribution that two mass windows, A = 124-126 and 183-187, are inordinately sensitive to neutrino postprocessing. This imposes new and stringent bounds on the freeze-out radii and dynamic timescales in the supernova r-process models. Moreover, the pattern of abundances within these windows is entirely consistent with neutrino-induced synthesis. Unless this is an unfortunate and accidental result, it would appear to provide direct proof that the r-process occurs in an intense neutrino fluence, i.e., in a core-collapse supernova. Further knowledge of postprocessing neutrino fluences greatly reduces the freedom in dynamic models of the rprocess, relating, for example, the dynamic timescale to the conditions at freeze-out. These results take on added significance because the neutrino physics of a core-collapse supernova is generally believed to be far less model dependent than the hydrodynamics.
In this paper we also calculate the nuclear physics input for the postprocessing and other possible effects of neutrinos on the r-process. We present detailed estimates of the chargedcurrent ν e capture rates using both empirical data and the shell model, the comparison of which provides some measure of the nuclear structure uncertainties. The continuum random phase approximation (CRPA) and shell-model techniques are employed in the calculations of neutral-current cross sections. The subsequent decay of the highly-excited nuclei by neutron emission is estimated by the statistical Hauser-Feshbach techniques. We stress that the distinctiveness of the neutrino postprocessing signals can be traced to well-understood aspects of nuclear structure, such as the tendency of highly-excited neutron-rich nuclei to emit multiple neutrons.
II. CALCULATIONS OF NEUTRINO-NUCLEUS INTERACTION PROCESSES
The rate for a specific neutrino reaction at a distance r from the center of the neutron star can be expressed in convenient units as
where L ν and E ν are the luminosity and average energy, respectively, of the neutrino species responsible for the reaction, and σ ν is the corresponding cross section averaged over the neutrino spectrum. The spectrum-averaged neutrino reaction cross section is
for all neutrino species. While this choice also provides a good fit to the ν e andν e spectra calculated by Wilson and Mayle, their heavy-flavor neutrino spectra have approximately a black-body shape (η ν ∼ 0) [10] . In this work we take η νe = 3 and η ν µ(τ ) = ην µ(τ ) = 0, though we also have done calculations with other choices of η ν . The average neutrino energy is given by E ν ≈ 3.99T ν for η ν = 3, and E ν ≈ 3.15T ν for η ν = 0.
The neutrino interactions of interest are charged-current ν e and neutral-current ν µ(τ )
andν µ(τ ) reactions on the waiting-point nuclei in the r-process. For the very neutron-rich heavy nuclei in the r-process, charged-currentν e reactions can be neglected because allowed transitions are Pauli blocked. For typical average supernova neutrino energies E νe ≈ 11
MeV, Eν e ≈ 16 MeV, and
MeV, the heavy-flavor neutrinos dominate neutral-current reaction rates. (However, for these average energies, the chargedcurrent ν µ(τ ) reactions are energetically prohibited.)
Thus the task before us is to estimate the relevant cross sections for an appropriate range of neutrino energies and final nuclear states, so that Eq. (2) can be evaluated. In principle this could be done explicitly for each nucleus involved in the r-process network, using some technique like the CRPA or the shell model. But this approach is clearly impractical numerically. Instead, we present in this section a more schematic description of the cross sections, one largely based on experimental systematics. Our strategy is then to check this phenomenological approach with explicit CRPA and shell-model calculations for a few test nuclei.
At typical supernova neutrino energies the dominant contribution to the total cross section for ν e capture on a parent nucleus with charge Z comes from the allowed transitions to the isobaric analog state (IAS) and the Gamow-Teller (GT) resonance states in the daughter nucleus. The allowed cross section is
where G F is the Fermi constant, E e and k e the energy and three-momentum of the outgoing electron, respectively, θ c the Cabibbo angle, and F (Z + 1, E e ) a correction for the Coulomb distortion of the outgoing electron wavefunction. The relativistic form of F (Z, E e ) is used in evaluating the integral in Eq. (2) . We also use an effective axial-vector coupling constant g eff A = 1, rather than the bare nucleon value 1.26, a renormalization that improves the agreement between shell-model studies and experiments in the 2s1d and 2p1f shells [11] .
The allowed Fermi and GT transition strengths are
and
respectively. To evaluate Eq. (2) we must specify the distribution of these transition probabilities over the final states of the daughter nucleus.
In the limit of good isospin the Fermi strength |M F | 2 = N − Z is carried entirely by the IAS in the daughter nucleus. The excitation energy of the IAS, relative to the parent ground state, can be estimated quite accurately from the Coulomb energy difference [6] E IAS ≈ 1.728Z 1.12A 1/3 + 0.78 − 1.293 MeV.
The total GT strength is also simple due to the fact that the nuclei of interest have large neutron excesses, effectively eliminating all strength in the (ν e , e + ) channel. It follows that the strength in the (ν e , e − ) channel is given by the Ikeda sum rule,
However, the distribution of this GT strength is not determined by general arguments and thus must be either calculated or measured. Studies using forward-angle (p, n) scattering with stable targets have shown that most of the strength is concentrated in a broad resonance whose center is in the vicinity of the IAS. This motivated us to approximate the GT-strength distributions for the nuclei of present interest as Gaussians centered at E GT and with a full width at half maximum Γ = 2(ln 2) 1/2 ∆, energies E ≥ E gs , where E gs is the ground state energy of the daughter nucleus, gives the sum rule result 3(N − Z). We have taken the Gaussian centroids E GT from the analytic fit to δ = E GT − E IAS in Ref. [12] , where GT-strength distributions from forward-angle (p, n) measurements were studied. While the measurements are confined to nuclei near stability, the data show that δ is linearly correlated with N − Z, leading to the prediction that δ ∼ 0 for the neutron-rich nuclei of present interest. We took Γ ∼ 5 MeV which is also a value typical of the (p, n)-measured GT-strength profiles.
Following the prescription outlined above, we have calculated the rates for ν e captures on the waiting-point nuclei with N = 50, 82, and 126 in the r-process, using an average ν e energy of E νe ≈ 11 MeV. The rates for L νe = 10 51 erg s −1 at a radius r = 100 km are given in Table I . These rates can be easily scaled for different L νe and r using Eq. (1).
Such ν e reactions typically excite the daughter nucleus to states with excitation energies of ∼ 20 MeV, which is well beyond particle breakup threshold. Because these nuclei are very neutron-rich, they de-excite by emitting several neutrons, a process we have simulated using a statistical neutron evaporation code [13] . This code estimates the average number of neutrons emitted by these nuclei, n , as well as the probabilities for emitting any specific number of neutrons (e.g., P n=2 ), quantities that will be important in our postprocessing calculations. Nuclear masses, which are generally not known experimentally, have been taken from the compilation of Möller et al. [14] . As expected from the average neutron separation energies at the N = 50, 82, and 126 shell closures, we find that there are about 2-5 neutrons emitted after each ν e capture on the waiting-point nuclei (see Table I ).
Neutral-current neutrino-nucleus interactions in supernovae have been studied previously in Refs. [15, 16] . As in the charged-current case, there is an allowed contribution. The operator analogous to the Fermi operator contributes only to elastic neutrino scattering, and hence is of no interest. Thus inelastic allowed transitions are governed by the neutral-current GT transition probability
We use the same renormalized g eff A as in the charged-current case for the neutral-current GT transitions. In the calculations described below we found that most of this strength was concentrated below or very close to the neutron emission threshold, resulting in a relatively modest contribution to the neutron spallation channels of present interest.
Because ν µ(τ ) andν µ(τ ) have a higher mean energy, odd-parity transitions generated by first-forbidden operators -those proportional either to the momentum transfer or to nucleon velocities -must be considered. In Ref. [15] the first-forbidden contribution to neutralcurrent neutrino scattering was calculated in a generalized Goldhaber-Teller model satisfying the Thomas-Reiche-Kuhn (TRK) sum rule for E1 transitions as well as its generalization for first-forbidden multipoles of the axial current [17] . 
where σ 0 ≈ 10 −42 cm 2 for E ν ≈ 25 MeV when averaged over, for example, ν µ andν µ .
This was the case for the calculations done in Ref. [15] , and it also was found to hold in our estimates of the cross section above neutron emission threshold for nuclei of interest to the r-process.
We have tried to assess the accuracy of our various cross section estimates by performing CRPA and shell-model "benchmark" calculations. The shell-model study was done for the including, for example, those with a hole in the 1f 7/2 shell or a particle in the 1g 7/2 shell.
While this basis is somewhat simple, it has the virtue that the Ikeda sum rule is exhausted by the (ν e , e − ) channel; thus this calculation is compatible with the assumptions made in our schematic treatment above. The distribution of the transition probability |M GT | 2 was evaluated in this shell-model basis by a method of moments, rather than by a state-by-state summation. A least-squares best fit to the results using the function in Eq. (8) was then made in order to determine shell-model values for the parameters E GT and Γ.
The results are reasonably satisfying. The shell model yielded
MeV, which can be compared with the result of −1.15 MeV one obtains by extrapolating the fit of Ref. [12] . Thus the prediction of this fit that the centroid of the GT-strength distribution should fall below the IAS for the neutron-rich nuclei of present interest is confirmed by the shell-model calculation. While there is a difference of ∼ 2 MeV in the precise location of the centroid, this is not very significant for our neutrino cross sections: a shift of 2 MeV either way in the centroid changes the cross sections by less than ∼ 50%.
The shell-model prediction for Γ, 11.7 MeV, is not in good agreement with the assumed value of 5 MeV, which we argued was typical of fits to GT-strength profiles deduced from (p, n) forward scattering. Because the neutrino cross sections are quite insensitive to Γ, the origin of this discrepancy is a somewhat academic issue. Nevertheless, these results motivated us to perform analogous calculations for 64 Ni, a stable target for which the (p, n)-deduced GT-strength distribution is known [18] . Again the shell-model prediction of δ ∼ 5
MeV was in good agreement with the prediction of 3.4 MeV by the fit of Ref. [12] , as well as with the data. Yet the shell model yielded a less distinct resonance than found experi- was within 3 MeV, 80% within 4 MeV, and 90% within 6 MeV, which the mass formula of Ref. [14] indicates is the neutron separation energy. Thus almost all of the strength is carried by bound states; the allowed contribution to neutron spallation, the process of present interest, is quite small, comparable to the forbidden contribution discussed below.
This supports the assumptions that led to Eq. (10).
We were able to extend the tests of neutral-current cross sections to representative nuclei in each of the three r-process abundance peaks by performing CRPA calculations [20] . A Landau-Migdal interaction was used and all multipoles of both parities through J = 2 were retained, thereby accounting for all allowed, first-forbidden, and second-forbidden operators.
Thus the CRPA calculations provide a check on the simpler Goldhaber-Teller treatment of first-forbidden neutrino scattering [15, 17] and a cross-check on the shell-model result for the fraction of allowed strength in the continuum. The results for three representative nuclei are listed in Table II . They confirm the simple scaling estimate in Eq. (10) to within ∼ 40%.
Within this accuracy, the results are independent of some of the existing neutrino spectrum uncertainties, such as whether η ν ∼ 3 is more appropriate than η ν ∼ 0. The average number of neutrons emitted, n , and the probabilities for multiple neutron emission, which are also listed in Table II , were obtained by folding the neutrino-induced excitation spectrum calculated in the CRPA with the neutron-evaporation spectrum determined from the statistical model [13] . We find that GT transitions contribute about 40% to the continuum cross sections, in agreement with the shell-model result for 78 Ni. Their contribution to n is, however, less than 30% due to the lower excitation energies characterizing the allowed transitions.
III. NEUTRINO-NUCLEUS INTERACTIONS DURING THE R-PROCESS
The dynamic phase of the r-process is thought to occur between temperatures of ∼ 3×10 9 and ∼ 10 9 K, during which time (n, γ) ⇀ ↽ (γ, n) equilibrium is maintained. As photodisintegration reactions are typically orders of magnitude faster than competing neutral-current neutrino spallation reactions, it is clear that inelastic neutrino scattering has no effect in the dynamic phase. In contrast, charged-current neutrino reactions affect the charge flow and thus compete with β-decay, particularly near the waiting points where β-decay rates are anomalously small. These charged-current effects will be discussed in this section. Below ∼ 10 9 K the material freezes out from (n, γ) ⇀ ↽ (γ, n) equilibrium, fixing the distribution of the r-process progenitor nuclei, which decay back to the valley of β-stability to produce the abundances observed in nature. After the freeze-out neutrino interactions can affect the abundance distribution, with both charged-current reactions and heavy-flavor neutralcurrent scattering being important. We will discuss several interesting consequences of this neutrino postprocessing in Sec. IV.
Type-II supernovae have long been discussed as a possible site of the r-process. As mentioned in the introduction, in the recently-developed r-process model of Woosley et al.
[2] the synthesis occurs in the "hot bubble" expanding off the neutron star, with the freezeout from (n, γ) ⇀ ↽ (γ, n) equilibrium occuring at radii of 600-1000 km and at times ∼ 10 s after core bounce. However, despite the appeal of the hot bubble as an r-process site, there are aspects of this model that are unsatisfactory, such as overproduction of the isotopes 88 Sr, of a specific r-process model, instead exploring a more general scenario motivated by recent studies of nucleosynthesis in a neutrino-driven wind blown off the neutron star [21] . Such a wind can be described as an expanding bubble where the material temperature decreases as T ∝ 1/r and the outflow velocity increases as v ∝ r under the following assumptions:
(1) the mass outflow rate is constant; (2) the expansion of the radiation-dominated material in the outflow is adiabatic; and (3) the outflow is (barely) successful in ejecting mass to infinity. The time evolution for the radius of an expanding mass element in the outflow is given by
where τ dyn is a characteristic dynamic timescale for the expansion. We will denote the radius and neutrino luminosity for a mass element at freeze-out, T ∼ 10 9 K, by r FO and L ν,FO , respectively. We assume that the individual neutrino luminosities are the same and generically denote L ν as the luminosity for any neutrino species. The protoneutron-star neutrino luminosity is assumed to evolve with time as exp(−t/τ ν ), with τ ν ∼ 3 s.
In keeping with the notion that the discussion should be as general as possible, we will treat τ dyn , r FO , and L ν,FO as parameters relevant to the freeze-out of a particular peak.
That is, their values for the A ∼ 80 (N = 50) peak could be different from those for the A ∼ 130 or 195 (N = 82 or 126) peak. This may be a prudent generalization given the ongoing debate [22] over whether r-process abundances are consistent with a single production site. Furthermore, even if there is only one r-process site, because the neutronto-seed ratio required to produce each peak is different, individual peaks likely have to be made at different times, and hence under different conditions in a single site.
We first repeat the argument of Fuller and Meyer [6] , who placed a lower bound on the freeze-out radius by demanding that the r-process must be in approximate steady-state local β-flow equilibrium at the time of freeze-out, a condition that Kratz et al. [5] deduced from the proportionality between the progenitor abundances along closed-neutron shells and the corresponding β-decay lifetimes. In local equilibrium, the product λ(Z, N)Y (Z, N), where λ is the total charge-increasing rate and Y the abundance, should be independent of (Z, N).
The rate λ includes both β-decay and neutrino reactions, and if the latter are made too strong, the observed local equilibrium that holds when only β-decay is considered is then destroyed. Using the reaction rates in Table I , the condition that local β-flow equilibrium holds to within 20% at freeze-out is especially restrictive at N = 50, yielding
where this result corresponds to Fig. 2a of Ref. [6] [the comparison of (Z, N) = (29, 50) and (30, 50), which generated the most stringent limit] and depends on the β-decay rates in Table   4 of that reference. Equation (12) is sufficient to guarantee that local β-flow equilibrium holds at freeze-out provided that τ dyn is longer than but still comparable to typical β-decay lifetimes, which are ∼ 0. different ν e energy spectra (cf. Ref. [6] ) are used to calculate the rates in Table I .
We now examine the effects of charged-current reactions prior to freeze-out for the generic neutrino-driven wind r-process model in order to assess whether neutrino interactions can speed up the charge flow past waiting-point nuclei, given the constraint imposed by Eq.
(12). The results in Table I show that charged-current reaction rates in the waiting-point regions of N = 50, 82, and 126 are reasonably constant, withλ
.7, and 8.5 s −1 , respectively, being average values at r = 100 km when L ν = 10 51 erg s −1 . The number of transitions ∆Z ν induced by the neutrino irradiation is then
where t i and t f are the times corresponding to the r-process epoch between 3 × 10 9 and 10
9
K. Under the generic wind scenario this can be evaluated to give
where the last line follows from the N = 50 freeze-out condition of Eq. (12) . Now this can be compared with the corresponding charge increase due to β-decay,
whereλ β ∼ 1.9 s −1 at N = 50, with the rates in Table 4 of Ref. [6] . Thus
This result is quite interesting. It suggests that one can achieve an r-process freeze-out This is not the only attractive aspect of intense neutrino irradiation during the r-process:
Fuller and Meyer [6] pointed out that charged-current reactions could help to correct the overproduction of nuclei near N = 50 in the r-process scenario of Woosley et al. [2] by increasing the electron fraction mainly through ν e capture on free neutrons. Furthermore, they showed that some interesting light p-process nuclei could be produced after including charged-current neutrino reactions on nuclei in the reaction network. Because the relative importance of ν e -induced and β-decay-induced charge flow evolves during the r-process,
we may have reached a point where the explicit incorporation of such effects into reaction network simulations of the r-process is needed. This may be essential to understanding the observed pattern of abundances.
IV. NEUTRINO POSTPROCESSING EFFECTS
As the temperature decreases to ∼ 10 9 K, the material freezes out from (n, γ) ⇀ ↽ (γ, n) equilibrium, leaving a distribution of r-process progenitor nuclei which, after decay back to the valley of β-stability, produce the abundance patterns seen in nature.
The charged-current reactions discussed in the previous section can continue to influence the r-process abundance pattern during postprocessing by altering the (Z, N) path which the progenitors follow as they β-decay. The process of interest, neutron emission following (ν e , e − ) reactions, is superficially analogous to the β-delayed neutron emission process that is conventionally included in r-process calculations. However, the excitation energy of the daughter nucleus is significantly higher for neutrino reactions, leading to much higher probabilities of multiple neutron emission, as can be seen in Table I . Thus the inclusion of charged-current reactions in the postprocessing phase has the potential to push abundance peaks to significantly smaller A.
Furthermore, since the postprocessing phase is defined by the condition that (n, γ) ⇀ ↽ (γ, n) equilibrium has broken down, the effects of neutral-current neutrino reactions are no longer competing with those of (γ, n) reactions. Nuclear excitation by (ν, ν ′ ) reactions above the particle breakup threshold may produce one or more neutrons, again shifting abundances to lower A. The important species, due to their higher mean energies, are the heavy-flavor neutrinos.
The optimal procedure for evaluating these neutrino irradiation effects would be to incorporate them directly into the network codes that follow the progenitors as they β-decay.
Our procedures here are less sophisticated, though we would argue that they are at least adequate qualitatively, given the other uncertainties in r-process calculations. We make three simplifications. First, as is apparent from Tables I and II, n for N = 126 is about twice that for N = 50.) Thus it is a reasonable approximation to extract from Table I Table II as representative of the entire peaks near N = 50, 82, and 126.
Second, we make the additional simplification that these mean progenitor rates and neutron emission probabilities can be used throughout the postprocessing phase, even as N − Z is evolving due to β-decay and charged-current neutrino reactions. This is probably a quite good assumption for neutral-current reactions because rates are tied to the TRK sum rule and neutron emission probabilities to the location of the giant resonances, both of which are only weakly dependent on N − Z for not too large changes in A. It is a more dangerous approximation in the case of charged-current reactions because the available allowed strength and n are strongly correlated with N − Z. Therefore, results for cases where τ dyn is long compared with typical β-decay and/or ν e capture rates should be viewed with caution. Third, we do not consider the subsequent processing of neutrons liberated in the spallation. The neutron reabsorption process is quite different from the neutrino-induced multiple-neutron spallation process, as only one neutron is captured at a time. In addition, the reabsorption should take place over the broad range of nuclei with reasonable abundances and strong (n, γ) cross sections that reside below the abundance peaks, as well as on the more plentiful nuclei with smaller but not unimportant neutron capture cross sections that lie on the high-mass side of the abundance peaks. This contrasts with the neutrino-induced neutron spallation reactions, where dramatic effects occur only for 3 or 5 nuclei concentrated in special "windows." Therefore, while there may be consequences associated with neutron recapture, we expect its net effect will be global and gentle, thus not undoing the neutrino postprocessing effects described below.
With these approximations, the neutrino postprocessing effects can be evaluated without reference to the details of the r-process. This is helpful in illustrating the kinds of effects that might result from the neutrino irradiation. The starting point is to calculate the mean number of neutrino eventsN (n) producing exactly n neutrons in the subsequent spallation by integrating over all times after the freeze-out,
Comparing the rates in Tables I and II, we Now in a neutrino-driven wind governed by τ dyn and τ ν , a given nucleus can interact one or more times, emitting several neutrons. We would like to calculate the net probability that, at the end of postprocessing, a given progenitor nucleus has lost n neutrons. The assumptions we have enumerated above make this a straightforward exercise: rates and neutron emission probabilities are not affected by the prior history of the target nucleus.
Thus the distribution of events of each type -e.g., the distribution of neutrino events that produce exactly n spallation neutrons -is governed by a Poisson distribution with parameterN (n). The overall probability for emitting some number of neutrons is given by counting up the number of ways this can be done (e.g., two neutrons can be ejected by one neutrino interaction that knocks out two, or by two interactions each of which knocks out one), and folding the Poisson probabilities for each type of event in the product. The resulting distributions, which are not Poissonian, are tabulated in Tables III and IV 
In the supernova r-process model of Woosley et al. [2] , freeze-out occurs at radii of 600-1000 km over a dynamic timescale of τ dyn ∼ τ ν ∼ 3 s. In this case, F would lie in the range 0.020-0.056. Thus, for such long τ dyn , appreciable neutrino postprocessing can occur even at such large freeze-out radii, as is apparent from Tables III and IV (and from the There is an alternative strategy that is appealing in its simplicity and avoids the need for a "base-line" unpostprocessed distribution from theory: begin with the observed r-process abundance distribution and, for a given neutrino fluence, invert this distribution to derive the yields that must have existed prior to postprocessing. This distribution would be the one conventional theory should match, if indeed the neutrino postprocessing effects are as described here. Part of the appeal of this procedure is that the final r-process abundance distribution is rather tightly constrained by observation and the neutrino physics is relatively simple, governed by a single parameter F [Eq. (18) ] in the wind scenario. Thus we can derive the unpostprocessed distribution with some confidence. Note however, some caution must be exercised when one compares the unpostprocessed distribution derived this way with the progenitor abundance pattern at freeze-out calculated in r-process models. This is because effects of β-delayed neutron emission on the freeze-out pattern are hard to deconvolve in general, although neutrino postprocessing commutes with β-delayed neutron emission under the assumption of target-independent neutrino-induced neutron spallation.
In the region of a mass peak the inversion is relatively simple to carry out iteratively. As an initial guess for the unpostprocessed distribution, we take the solar r-process abundances.
The postprocessing is calculated, and the deviations between the resulting distribution and observed abundances are then used to guess a new unpostprocessed distribution. The procedure is then iterated until the unpostprocessed distribution converges, i.e., yields a postprocessed distribution in agreement with observation. Depending on the neutrino fluence, the final abundance of a particular nucleus is affected by only a specific number of nuclei with higher masses. Therefore, one can use an alternative inversion procedure by only considering possible postprocessing contributions from nuclei below a cut-off high mass nucleus sufficiently far away from the peak, say 10 mass units above the peak nucleus. Starting from the cut-off nucleus, one can calculate the unpostprocessed abundances of nuclei with successively lower masses. These two procedures yield the same results except near the cut-off high mass nucleus. In other words, our postprocessing results are insensitive to the choice of the cut-off, so long as it is sufficiently far away from the peak.
A. The N=82 peak
The first result one can get from such an analysis is an upper bound on the neutrino fluence parameter F of Eq. (18) . The region of greatest sensitivity to the postprocessing are those isotopes of low abundance lying just below the N = 82 peak: the inversion shows that the region A = 124-126 is particularly sensitive to the neutrino irradiation. The requirement that these isotopes not be overproduced provides a stringent constraint on the neutrino fluence: if the parameter F in Eq. (18) is made too large, the inversion gives unphysical (negative) unpostprocessed abundances for these nuclei.
The deduced limit on the parameter of Eq. (18)
is quite stringent. For such a fluence, the neutrino postprocessing contributions to the abundances of 124 Te, 125 Te, and 126 Te are 0.24, 0.45, and 0.65, respectively, which can be compared with ranges deduced from observation, 0.215 ± 0.020, 0.269 ± 0.042, and 0.518 ± 0.126 [24] . Thus this fluence is sufficient to overproduce all three isotopes, with the 125 Te discrepancy being particularly severe (4σ).
This limit, when combined with the freeze-out constraints we derived following Fuller and
Meyer [6] , defines an allowed region of neutrino fluxes at freeze-out and dynamic timescales, as shown in Fig. 1(a) . In this figure, the horizontal solid line corresponds to the upper limit on the neutrino flux at freeze-out similar to Eq. (12) This would, of course, be an exciting result as any determination of the postprocessing fluence would quantitatively constrain the location and dynamic timescale for the r-process, through an equality analogous to Eq. (19) . In this connection, we note that standard (unpostprocessed) r-process calculations often significantly underestimate abundances in a relatively broad region around A ∼ 120 [5] , so there is room for additional production. (As large postprocessing effects are confined to the region A = 124-126, they are not a solution for all of the deficiencies in the A ∼ 120 region. Effects such as shell quenching, which would revise the mass formulas commonly used, also help to reduce the discrepancies [25] .)
We performed the inversion under the assumption that the nuclei in the A = 124-126 window are attributable entirely to the postprocessing, that is, for a fluence parameter [Eq. 
A fluence saturating this bound overproduces all five species, with the deviations being > ∼ 3σ in four cases (and with the disagreement for 187 Re being particularly large, 0.067 compared with 0.0373 ± 0.0040 [26] ). The constraint in Eq. (20) can be combined with the freeze-out bound of Sec. III again to severely limit the allowed neutrino flux at freeze-out and the dynamic timescale. The results are given in Fig. 1(b) .
The appearance of a well-defined region where neutrino postprocessing effects are particularly pronounced suggests again that we test the ansatz that these nuclei are entirely A = 187 0.0411 0.0373 ± 0.0040 [26] where the first number is the postprocessing result and the second the abundance deduced from observation. The correspondence is quite good and these results, especially when considered together with the N = 82 results, are very suggestive.
We again stress that the regions where postprocessing effects are most important, A = 124-126 and 183-187, are clearly identified by the inversion procedure, the input to which consists of the neutrino cross sections and the associated multiple neutron emission probabilities we have calculated and the r-process abundances derived from observation.
The identification of these regions as sensitive to postprocessing does not, of course, require that the postprocessing effects be large. That will depend on where the r-process occurs in the supernova -or whether the supernova is even the correct site. But as we can do the inversion for any assumed neutrino fluence, the pattern of abundances in these regions can either help to confirm or rule out the possibility of important neutrino-induced synthesis.
We find that the observed abundance pattern in both regions is characteristic of neutrino postprocessing.
Provided we have not been misled by an unfortunate conspiracy of numbers, the conclu-sions would appear to be very important. First, this suggests that a core-collapse supernova (or at least some environment characterized by a similarly intense neutrino fluence) is the site of the r-process. Second, the required fluence parameters to produce the A = 124-126
and 183-187 isotopes can be calculated and are F = 0.062 and 0.03, respectively. Thus we have been able to place an important constraint on the r-process independent of the many uncertainties that usually enter into network simulations. As these fluences are modest, it appears either that the freeze-outs occur at large radii or that the dynamic timescales are short. Most importantly, the derived postprocessing fluence sharply constrains any model of the supernova r-process nucleosynthesis. For example, in the neutrino-driven wind model discussed, τ dyn is now determined as a function of the neutrino flux at freeze-out, or the freeze-out radius given the neutrino luminosity. The third conclusion, which is more uncertain, is that the factor of two difference in the N = 82 and 126 postprocessing fluences suggests that the N = 82 peak freezes out at a smaller radius than the N = 126 peak in a dynamic r-process model such as the neutrino-driven wind. In the wind models, large neutrino luminosities tend to drive faster expansions of the outflow, and hence correspond to shorter dynamic timescales [21] . As a result, the effects of τ dyn and L ν on the fluence parameter F nearly cancel. Therefore, a larger fluence implies a smaller freeze-out radius. (The reason for being cautious with this conclusion is that the determination of the N = 82 fluence depends on only three isotopes, so the possibility of an unfortunate neutron-capture mimicking of the A = 124-126 postprocessed abundances is not out of the question. In addition, a consistent set of neutrino luminosity, dynamic timescale, and freeze-out radius corresponding to a specific fluence can only be obtained in a detailed model of the neutrino-driven wind.)
In Fig. 3 we present the results of the inversion -the r-process abundance distribution Following Fuller and Meyer [6] we used the ν e capture rates and the observation of approximate local β-flow equilibrium in the mass peaks to constrain the radius (and neutrino luminosity) at freeze-out. We then showed that this constraint still allows important -in fact, dominant in the case of the N = 82 peak -neutrino contributions to the overall r-process charge flow. This is an interesting result since the times required to cross the N = 50 and 82 peaks are, in the absence of neutrino effects, uncomfortably long.
We then studied the postprocessing phase. Because the neutrino effects are relatively well understood, we argue that the unpostprocessed abundance distribution can be reason- The present calculations involved several "short cuts" that, though reasonable, should be re-examined in future calculations. We believe our results provide ample motivation for a full inclusion of neutrino effects in r-process networks.
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